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Rcccnt progress in our understanding of electron density fluctuations observed by radio

occultation measurements has demonstrated that a break in the vicinity of 1 I 17, in the

tmporal  frequency spectrum of the dcnsh y fluctuations provides a measure of the size of

tl]c finest filamentary structures in the solar corona. Break frcqucncics  have been inferred

from the clcnsi(y  spectra deduced from 1979-1980 Voyager phase scintillation and spectral

broadening mcasurcmcnts by Colts et al. [1991]. ‘J’hcse  rcsul(s show that the finest

filamentary structures arc found in the extensions or stalks of coronal streamers where the

ckmsit  y fluct uat ions arc enhanced - the 1 ikcl y sources of the slow solar wind -– and are

over a factor of three smaller than those in the fast wind emanating from coronal holes.

l’hc inftmcd sizes of the finest filamentary structures arc approximately 6 km in the slow

wjnd at 8 R. and 22 km in the fast wind at 9.1 Ro.
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1. lN1’RODIJCJ’JON

Corona] streamers ancl polar plumes are promincn[  raylike structures that have long

been observed in solar cclipsc  and white-light coronagraph  mcasurcmcnts.  There is grow-

ing cvidcncc  that the corona is pcrmcatcd  by a hierarchy of raylikc structures extending

from these large-scale structures all the way down to kilometer size structures at the Sun

[Kou[chmy 1988; Karovska and IIabbal  1991; Woo et al. 1995; November and KOLIkhIIIy

1996; Woo 1996]. Evidence for the finest structures or flux tubes that rotate with the Sun

comes from angular broadening measurements, which offer probing capabilities that

surpass those of convcntiona]  imaging techniques in the visible, radio, extreme ultravio]ct,

and x-rays [Woo 1996].

The purpose of this letter is to show that the sizes of finest filamentary structures

dcpcncl  on the source regions of the solar wind. ‘1’hc basis for these studies is summarized

in the following section before the finest structures arc inferfcd  from radio occultation

n lcasutcmcnts  in section 3, and the conclusions arc given in section 4.

2, BACKGROIJND

Angular broadening mcasurcmcnts  have been conducted since the 1950s [Hewish,

1958; Vitkevitch,  1959;  Erickson, 1964]. These intcrferometric  mcasurmcnts  yiclcl

itlformation  on density variations in the plane of the sky having spatial scales comparable to

the interfcromctcr baselines, 1-35 km at the VI.A [Armstrong et al. 1990] ancl 0.2-2 km at

Culgoora  [Ward 1975]. Observation of radially expanding flux tubes by the VLA and

Cu]goora  is illustrated schematically in Hig. 1. The circles depicting the longest baselines,

and hence the largest scales probed by each observatory, lic within the flLJx tubes at 10 Ro.

Since the small-scale turbu]cncc  that is convected with the solar wind inside the flux tubes

is ncar]y isotropic, scattering transverse to the flux tubes (magnetic field) is about roughly
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the same as that parallel to flux tubes, and the obscrvcct  angular broactcning is

approximately isotropic.

Closer to the Sun, when the longest transverse baseline cxcccds the size of the flux

tube, scattering is stronger transverse to the flux tube than along it, so that the observccl

angular broadening is anisotropic  [SCC Pig 1 of Narayan et al., 1989 for example of an

angular broadened anisotropic  image; Armstrong ct al., 1990; Anantharamaiah  et al.,

1994]. The structure function characterizes the distribution of fluctuation power with scale

sizes. Anisotropy occurs bccausc  the structure function of scales transverse to the flux

tube and larger than the flux tube is stccpcr  than that of corresponding scales along the flux

tube (the structure function will bc dcscribcd in more detail later). Since the longer

transverse baselines intercept the flux tubes first, the observed aniostropy  is higher at the

VLA than at Cu]goora  in the range of 5-10 R. [Armstrong ct al. 1990].

in terms of in situ plasma mcasurcmcnts,  angular broadening is analogous to having

multiple sJ~acccraft  dispersed in the plane of the sky, measuring the density variations

bctwccn thcm, and characterizing thcm in terms of their structure function or spatial

spectrum; these arc spatial mcasurcmcnts.  The structure function C1OSC to the Sun, where

high anisotropy of angular broadening is observed, is schcmaticall  y summarized in Pig. 2.

lnsidc  the flux tubes (s smaller than the transverse dimension of the flux tube D), the snlall-

scalc turbulence is nearly isotropic, and the structure functions in the parallel and transverse

directions arc essential] y the same; it varies approximatcl  y as s]. For scales cxcecding  D,

the structure function in the transverse direction steepens to ssf~ (Kolmogorov  case), while

that along the flux tubes continues ass].

Other than observing path-integrated density instead of density at a point, the nlcasurc-

mcnt of phase scintillation is similar to the in situ measurement of plasma density by a

spacecraft, Variations in solar wind density arc observed: (1) as turbulent plasma that is

convcctcd  along the solar wind within the flux tubes flows past the spacecraft, and (2) as

flux tubes move across the spacecraft. The temporal variation of density is characterized by

3



●

the frequency spcch-um of the density fluctuations, which shows a break near 1 Hz separat-

ing the. turbulence regime at the higher frequencies from the flux tube regime at the lower

frequencies. in the case of convcctcct  turbulence., the frequency spectrum is related to the

structure function in the direction of the, solar wind flow (roughly parallel to the magnetic

field) through the solar wind speed. on the other hand, in the abscncc of temporal

variations at the Sun, the spectrum of density fluctuations across the flux tubc,s is related to

the structure function transverse to the magnetic field through the relative motion of the

spacccraf[ transverse to the flux tubes, h’or a spacecraft located off the limb of the Sun at

low latitude, this is the rotation rate of the Sun. }Jinally,  spectral broadening observes the

high frequency porlion of the frequency spectrum of density fluctuations (turbulcncc),

which is related to the structure function in the flow direction of the solar wind.

From the preceding discussion, it is clear that the onset of high anisotropy in angular

broadcnirrg is onc measure of tbc flux tube size in the corona, ancl the break in the

frequency spectrum of the density fluctuations dc.duccd  from phase scintillation and spectral

{broadening mcasa mmcnts  is another. Iistjmatcs  of the flux tube sizes obtained from these

indcpcndcnt  but complementary methods yield kilometer scale siz,cs that arc mutually

consistent [Woo 1996].

Although studim  of the density spc&-unl  htwc been based on a variety of radio

occultation mcasurcmcnts [Cronyn 1970, Hcwish  1971, Cronyn  1972, Jokipii  1973,

l.otova 1975,  Colts 1978], the availability of phase scintillation and spectral broadening

] ncasurcmcnts  of spacecraft radio signals has made it possible to observe the, spcctrutn  over

a wide range of fluctuation frcqucncics  [Callaharl 1975, Woo et al. 1976a,b,  Woo and

Armstrong 1979, Martin 198S] and establish the break near 11 Iz, [Colts et al. 1991]. In

situ measurements beyond 0.3 AU have shown major diffcrcnccs  between the density

spectrum of the slow-speed wind associated with the streamer belt and that of the fast solar

wind emanating from coronal ho]cs [Marsch and ‘1’LI 1990]. Ilowcvcr, separate

characterizations of these two types of wind in their source regions near the Sun have not
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been made with radio occultation measurements, because of the lack of simultaneous

velocity mcasurcmnts.  Recent progress has shown that knowledge of the morphology of

density fluctuations in the corona [Woo and Gazis 1993; Woo et al. 1995] and solar wind

[}luddlcston  et al. 1995] can be used to distinguish the slow and fast solar wind. 1.OW

lCVCIS of density fluctuations and scintillation arc associated with the fasl wind from coronal

1101cs, while prominent enhancements arc the signature of the extensions or stalks of

coronal streamers, the like] y sources of the slow solar wind [Woo 1995] observed beyond

0.3 AU by in situ plasma measurements near the hcliospheric  current sheet [Gosling et al.

198 1; Marsch and Tu 1990; Winter-halter et al. 1994; }Iudd]eston et al. 1995].

in the following section, wc will usc the breaks in the density spectra observed in

1979-1980 Voyager phase scintillation and spectral broadening measurements [Coles et al.

1991 ] to infer the finest filamcntaly  structures, and the morphology of the corona to

identify the source regions of the fast and slow solar wind.

3. VOYAGER MIiASLJRIiMI iN’I’S 01 ~ TJ 11; IX INSITY SPIKTRIJM

Radio occultation mcasurcmcnts  conducted during the co~~junctions  of Voyager 1 and

Voyager 2 in 1979-1982 have been dc.scribed by Martin [1985]. Rcproduccd  in Fig. 3

from Fig. 3a of Colts ct al. [1991] arc the structure functions deduced from the Voyager

phase scintillation and spectral broadening mcasurcmcnts, covering a heliocentric distance

range of 7.1-9.8 Ro. Error analyses of these structure functions have been discussed by

Colts et al. [1991] in their appendix B. The structure functions in I~ig.  3 were not

obtained from spatial mcasurcmcnts,  but were itlstcad deduced from temporal variations

assuming turbulence  convected along the solar wind, Since we arc interested in the

temporal frequency spectrum of the density fluctuations, and since this is what was

original] y measured by Colts ct al [1991], wc have converted the spatial scales back to the

originally observed fluctuation frequencies. To preserve the original figure of Colts et al.
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[1991 ], the corresponding frequency scale has simply been added to the abscissa, and we “

will refer to the results in Fig. 3 as density spectra,

The uppermost spectrum in Fig. 3 was observed by Voyager 2 on August 17, 1979

(IX)Y 229) at a closest approach distance of 81<., while the lowermost on Scptcmbcr 20,

1980 (DOY 264) at a closest approach distance of 9.1 Ro. Shown in Fig. 4 arc the

contour maps of the source surface magnetic field strength produced by the Wilcox Solar

Observatory for Barrington Rotations (CR) 1684 and 1699, rcspcctivcdy [1 locksema and

Schcrrcr 1986]. The closest approach points of the Voyager 2 radio paths have been

mapped back to t}lc Sun assuming a solar wind speed of 450 knl/s and represented by dots

on the contour maps. The mapping results arc not sensitive to the assumed solar wind

speed because the measurements took place close to the Sun, ‘1’hc CR 1684 map shows

that on August 17, 1979 Voyager 2 probed a rcg,ion near an evolving neutral line region

(SCC also source surface field map of CR 1685 in Hocksema  and Schcrrcr  [ 1986]), where

slow wind would bc expcctcd.  In contrast, the CR 1699 map in Fig. 4 shows that on

Scptcmbcr 20, 1980 Voyager 2 probed a corona] hole, the source of t}~c fast solar wind.

listimatcs  of solar wind velocity were obtained by Martin [1985] from an analysis of

the power spectrum of the intensity scintillations. The uncertainty in these velocities near

the Sun can bc high, owing to the anisotropy of the density irregularities, the presence of

random velocities, and the interdcpmdemcc  between axial ratio, random and mean velocity,

as discussed by Martin [1985]. Still, the velocity estimates of 320 +80 knds on AUgLNt 17,

1979 and 483 ~100 km/s on Scptcmbcr  20, 1980 mcasurcrncnts,  are consistent with the

uppermost and lowermost spectra in Fig. 3 pertaining to the contrasting slow and fast solar

wind, respectively. Like the slow wind spectrum near 0.3 AIJ from in situ mcasurcmcnts

[Marsch and “1’u 1990], the slow wind spectrum in Fig. 3 is an order of magnitude higher

than that of the fast wind.

q’hc uppermost spectrum represents one of four ‘transients’ in the Colts et al. study

[1990], Doppler/phase scintillation transients have mainly represented propagating
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disturbances whose  speeds were higher than those of the ambient solar wind [Woo and

Armstrong 1981, Woo et al, 1985, Woo ant] Schwenn  1991]. in fact, another one of the

four ‘transients’ identified in the Colts et al. [1991] study -- that of August 26, 1979

(DOY 238) by Voyager 1 --- was also located near the hcliospheric  current sheet, but

appears to have been a propagating disturbance since its velocity of 820 knds was the

hig}lcst in the extensive 1979-1982 Voyager data set estimated by Martin [1985], l’hc slow

velocity of the uppermost spectrum in Fig. 3 is unusual for a transient, and provides

corroborating evidence that it represents a coronal streamer [Woo et al. 1995] rather than a

propagating interplanetary disturbance associated with a coronal mass ejection [Woo 1993].

The breaks in the uppermost and lowermost power-law density spectra in Pig. 3 have

been determined through a best fi[ of a two-line model by eye, and occur near fluctuation

frequencies of 2.6 and 0.76 H~,, respectively. Assuming that the finest structures rotate

with the Sun, these frequencies tmnslatc to approximate transverse sizes of 6 km in the

slow wind at 8 R. and 22 km in the fast wind at 9.1 Ro, the latter being consistent with the

fast wind mulls  in Woo [1996], The finest filamentary structures are hence more than a

factor of three finer in the slow than the fast wind. Extrapolating the finest filamentary

structures back to the Sun assuming radial expansion of the flux tubes yields approximate

transverse sizes at the Sun of 0.7 and 2.4 km for the slow and fast wind, respectively.

4. l~lSCLJSSION  ANI) SIJMMARY

Motivated by the ubiquity of raylike  structures in the solar corona, extending from polar

plumes and streamers down to scales in the kilometer size range at the Sun, this study was

undcrlakcn  to further characterize the fine-scale structures using the unique probing abilities

of radio occultation measurements. Of particular interest were the differences between the

structures in the fast wind emanating from coronal holes and those in the stalks of coronal

streamers, the source of the slow wind.

7



While earlier studies established that the density variations across the filamentary

structures arc an order of magnitude higher in the slow than fast solar wind, this paper

demonstrates that the structures arc also finer by more than a factor of three in the slow than

fast solar wind, Since the base of coronal streamers is dominated by closed loop-like

magnetic structures, it seems plausible that the open ficlcl  lines originating from these

regions, and forming the stalks of the streamers, arc more sparsely distributed and more

tightly constricted, in coronal holes, on the other hand, the predominance of open

magnetic field structures allows a larger number to expand more readily, Consequently,

one would expect the filamentary structures to be. finer in the slow solar wind associated

with corona] streamers than the fast wind emanating from coronal holes.

I’hc sizes of finest filamentary structures have been obtained by taking advantage of (1 )

our understanding of the relationship bctwccn flux tube size, high anisotropy  of angular

broadening, and break in the density spectrum, (2) gains in knowledge of the morphology

of the corona, allowing the slow solar wind to be distinguished from the fast wind, and

(3) the availability of velocity estimates to support the slow wind and distinguish coronal

streamer from propagating disturbance. ‘1’hc sizes of the finest structures could be inferred

from the density spectra only because the lat(cr were dctcrminecl  wit}] great precision, a

tcstamcn[  to the fine measurements of phase scintillation and spectral broadening by the

NASA IIccp Space Network and the robustness of their interpretation.

‘1’he results of this paper were obtained from temporal (phase scintillation and spectral

broadening) rather than spatial (angular scattering) measurements because the former have

been more systematical] y investigated and reported. Still, size information from angular

scattering n~casurcmcnts  would bc preferred, because angular scattering measures spatial

scales directly. Since a decrease in finest filamentary structure size is manifested as an

increase in anisotropy, the results of this paper predict that the passage of a coronal

streamer would appear as a ‘transient’ in angular scattering measurements, and that the

cnhanccmcnt  in scattering would be accompanied by a rise in anisotropy. While  this
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behavior may have been observed in individual and unpublished transients (private

communication with W.C. Erickson and M.J. Mahoney), it is apparently manifested in the

reported solar cycle clcpcndcnce  of angular scattering mcasurcmcnts.  Anisotropy has been

observed to he higher during solar maximum than solar minimum [Blessing and I)cnnison

1972, Ward 1975, Armstrong et al. 1990], implying that the finest filamentary structures

arc smaller during solar maximum, and consistent with the fact that white-light

measurements show a corona more filled with streamers during solar maximum.

‘1’hc near-Sun slow and fast wind spectra in I;ig. 3 arc similar to and closely related to

spectra observed by in situ and scintillation measurements beyond 0.3 AU [Marsch and TU

1990, Manoharan  et al, 1994]. It is interesting that investigations of plasma properties

based on in situ density measurements suggest flux tubes or spaghetti-]ikc structures

corresponding to fluctuation frcqucncics  lower than 10-4 IIy, [’1’u et al. 1989; Thicmc ct al.

1989; q’u and Marsch 1990; Marsch and ‘1’LI 1994]. Still, without the benefit of imaging or

spatial mcasurcmcnts  such as those provided by angular broadening in the case of radio

occultation mc.asurcmcnts, one can never be sure about the identification of spatial

sh-ucturcs in in situ plasma mcasurcmcnts.  A systematic global study of the break in the

density spcctmm  is cumntly  being carried out based on cxtcnsivc  phase scintillation

mcasurcmcnts  over a wide range of heliocentric distances. Results from this investigation

and conq>arisons  with those from in situ mcasurcmcnts  bcyoncl 0.3 AU should lead to an

improved understanding of the relationship between these two types of mcasurcmcnts

(path-integrated and point), and the morphology and cvo]ution of the finest raylikc

structures in the solar wind. The cxistcncc  of different size flow tubes in the solar wind

could have significant implications for our understanding of the processes defining the

characteristic differences bet wccn the fast and slow solar wind,
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1.1ST OF FIGURES

Fig. 1 Schematic illustration of the observation of radially expanding flux tubes by the

VI .A and Culgoora  observatories, with interferometer baselines of 1-35 km and 0.2-2 km,

respectively. The circles depict the ]ongcsl basc]incs and hence the largcs scales probed,

llig. 2 Schematic log-log diagram of structure function near the Sun. Inside the flux tube

(scale s smaller than the flux tube sim D), the convected small-scale turbulence is nearly

isotropic and the structure function parallel and transverse to the magnetic field B varies

approximately as s]. l~or distances cxcccding  the flux tube size 11, it stccpcns  to ssf~

(Kolmogorov  case) transverse to the magnetic flcld B, but continues to vary ass] parallel

to B. The latter is dashed when s is large to stress the absence of relevant measurements.

l?ig.  3 Reproduced from Fig. 3a of Colts et al. [ 1991] showing 11 structure functions

over the heliocentric distance range of 7.1-9.8 Ro, The structure functions have been

convcr(cd  back to the originally measured density spectra by adding a frequency scale to the

abscissa; note that frequency increases from right to lcf[. The uppermost clcnsity spectrum

is of the slow solar wind observed by Voyager 2 on August 17, 1979 (DOY 22.9), while

the lowermost spectrum is of the fast wind observed by Voyager 2 on September 20, 1980.

“1’hc arrows indicate the breaks in the densi[y spectra occurring at 0.76 and 2.6 Hz for the

slow (uppermost curve) and fast (lowermost curve) wind, rcspcctivcly.

}~ig. 4 Contour maps of source surface coronal magnetic field strength at 2.5 R. produced

by the Wilcox Solar Observatory [} lockscma  and Schcrrcr 1968] for (a) CR 1684 and

(b) CR 1699. The closest approach point of August 17, 1979 (DOY 229) is projected

onto the relevant map of CR 1684 (indicated by the dot) showing that a region of evolving

hc]iospheric  current sheet and consequently slow solar wind was probed. The closest

projected approach point of September 20, 1980 (DOY 264) shows that it probed the fast

wind emanating from a coronal hole during CR 1699.
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